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Intelligent Engine Systems
Thermal Management and Advanced Cooling

Robert Bergholz
General Electric Aircraft Engines
Cincinnati, Ohio 45215

Background

Turbine cooling accounts for 25% - 30% of core engine flow in modern commercial and
military aircraft engines. Also, turbine airfoils (blades and vanes) constitute the majority of
high-distress engine components limiting both commercial and military engine reliability.
Efficient utilization and control of turbine cooling flows are essential for achieving high-
efficiency engine cycles and minimizing combustor emissions. Reduction in cooling flows
can reduce core size for a given thrust level and support the design of higher efficiency
combustors. On the other hand, low-emission combustor designs generally produce flatter
temperature profiles that can adversely impact current turbine cooling designs. Hence,
turbine cooling technology has been identified under Propulsion 21 as a critical element for
continued development of advanced gas turbine engines.

Objective & Approach

The objective is to provide turbine-cooling technologies to meet Propulsion 21 goals related
to engine fuel burn, emissions, safety, and reliability. Specifically, the GE Aviation (GEA)
Advanced Turbine Cooling and Thermal Management program seeks to develop advanced
cooling and flow distribution methods for HP turbines, while achieving a substantial
reduction in total cooling flow and assuring acceptable turbine component safety and
reliability. Enhanced cooling techniques, such as fluidic devices, controlled-vortex cooling,
and directed impingement jets, offer the opportunity to incorporate both active and passive
schemes. Coolant heat transfer enhancement also can be achieved from advanced
designs that incorporate multi-disciplinary optimization of external film and internal cooling
passage geometry.
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Task 4.2.1 TMS Concepts, Component Design and Fabrication (GE Aviation)
Subtask 4.2.1.1 3D HPT Blade Inverse Cooling Design and Optimization

The turbine airfoil cooling designer is faced with a variety of choices for internal cooling
methods and geometries. One approach to the selection of internal cooling features is to
apply "inverse design" techniques. This process is best developed as a concept evaluation
or preliminary design tool, but is important to retain the full 3D external aerodynamic and
heat transfer distributions to achieve a reasonable level of accuracy in the analysis and
allow for a first-level optimization of cooling flow and

The procedure developed here uses a "zonal" approach to modeling the airfoil cooling. 3D
CFD results for static pressure, temperature, and heat transfer coefficients are mapped on a
"shell" model of the airfoil. The airfoil shell is discretized into cooling zones, with the
external heat loads and sink pressures defined by the local 3D CFD mapping. The internal
(backside) cooling for each zone is free to be defined by the designer, e.g., near-wall
convection, convection with turbulators, impingement, film holes, etc.. The zones are inter-
connected in the model by inflows and outflows of coolant. These flows are driven by
pressure differences between zones, or between the zone and the local external sink
pressure in the case of a zone with film holes. Film flow emanating from a zone is tracked
via the 3D streamlines from the CFD solution.

An example of a discretized airfoil with the 3D CFD mappings of pressure, temperature, and
heat transfer coefficients is shown in the following figure.

J ImpCool :|: Blade Plots :|: TACD
Pressure Temperature

Figure 4.2.1.1.1 Airfoil shell zonal model
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The procedure is implemented in MATLAB. An example of the primary design input screen
is shown in the following figure.

ImpCool :|: TACD g o |

Equidtions | Frocedures
<1> pProg
<2> prog_c
i A pav =

g}n_c ot (1+4Tuch_perc/100]

si <4> user_defined

Warning | Error | Message
——— No Issues ——

Figure 4.2.1.1.2 MATLAB Cooling Model Interface

The following discussion gives some of the key details of the process and describes the
overall structure of the model. The procedure is illustrated for four cooling combination, but
other are also possible.

Having the knowledge of how much flow, for a given cooling method, is required in a
particular region of a turbine blade allows the engineer to budget the total available cooling
flow to achieve the required amount of cooling throughout the blade. It is possible to back-
solve for various properties in a cooling system, given appropriate models/correlations, so
as to accomplish heat transfer and continuity equilibrium. A system is described in both the
heat transfer/thermodynamic and flow/continuity realms. The fundamental flow/continuity
equations:
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The governing equations can be coupled and manipulate

various parameters, given limited information. For instance, to achieve a desired maximum
nt temperature (in addition to other
) for the case of impingement

o achieve that target maximum
nces the governing equations for

surface temperature while given pressure ratio and coola
material and environment properties/boundary conditions
cooling, the coolant flowrate can be inversely calculated t
temperature. That newly discovered flowrate is what bala
the given information.

To use this concept on a broader scale and application, the Impcool Design Utility was
developed - with the aid of MATLAB - to allow for the visualization and preliminary design of
turbine cooling systems. It uses a system of governing equations (those expressed on the
first page) to model various cooling methods in order to solve for any possible unknown
parameters given any particular set of known parameters. The broader aspect of this

d to allow for the solution of

application is that it allows for the designing of various types of cooling methods:

1. Impingement & Film
+ Incoming mass flow : external source and
+ Outgoing mass flow : film row (optionally,
2. Impingement without Film
+ Incoming mass flow : external source and
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+ Outgoing mass flow : conjoined system(s)

3. Film without Impingement
+ Incoming mass flow : external source and/or different (conjoined) system(s)
+ Outgoing mass flow : film row (optionally, conjoined system(s))

4. Convective (neither impingement nor film)
+ Incoming mass flow : external source and/or different (conjoined) system(s)
+ Outgoing mass flow : conjoined system(s)

The governing equations for these four key methods of cooling can be developed into
individual systems of equations from which the various parameters of respective cooling
methods can be determined. When the cooling methods are interconnected, they represent
a unique flow configuration between various regions/zones of the blade whose parameters
are inter-related among the respective types of cooling.

Highest Zone A
Pressure Type : no imp, no film

Zone B

Zone C

Type : exclusive imp. Type : exclusive film

Properties : Winp,

Potential Properties : Win, Wout, ,
Tin, Pin, Pcav, Teav, €tC.. Wout, Tlmp, P1mpy Peav, Tiny Pin, Peavs Teavs

50%W0ut Tcav; etc.. 1 OO%Wout etc..

Properties : Wiy, Wout

Out to LOCAL outside
environment. (local to
zone C)

Lowest
Pressure
Potential
Pg -
outside

G ||

Zone D
Type : imp. & film
Properties : Wimp, Wout,
Timp: Pimp; Pcav: Tcav: etc..

Lowest
Pressure
Potential
P -
outside

Out to LOCAL outside
environment. (local to
zone D)

Figure 4.2.1.1.3 : Sample schematic of blade cooling configuration

The zones of these configurations are in a constant state of check between one another so
as to adhere to the governing rules of continuity (flow function). When a parameter of any
zone within a configuration is modified (added/removed/changed), the entire configuration is
updated to meet the continuity requirements for that configuration. Each zone within a
configuration is interrogated to “understand” its upstream and downstream environment.

Once the zone’s parameter is modified (for instance, zone B), the solver looks for all the
incoming (zone A) and outgoing (zone C) flows associated with that zone (zone B). If there
are any incoming or outgoing flows, the flow properties of those zones (if available) are
used to update the other parameters of the zone in question (zone B). Otherwise, the
current zone (zone B) determines whether it should/could update any parameters in either
the upstream (zone A) or downstream (zone C) zones. At the heart of the solver is the ability
to sift through the governing equations and, using all of the currently known
variables/parameters, solve for any other possible variable(s). If any new parameters are in
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fact found, the current zone — along with its upstream and downstream constituents — are
updated to reflect the new discovery.

Given the fact that some of the cooling methods create an external film layer on the blade,
there is a need for preliminary processing between zone types for recognition of such zones
with respect to any other zones that may be affected by the exiting film. For instance, if a
particular zone utilizes a film cooling method, all immediate downstream (stream-wise)
zones are affected —to some degree- by the exiting film of the initial film-type zone. The film
effectiveness produced —for subsequent downstream zones- is modeled to be exponentially
decreasing as a function of the distance from the initial film exit to the location of those
downstream zones.

The goal of such a utility is to be able to design the overall cooling system of a turbine blade
while taking into account the effects of different methods of cooling on one another (taking
into account the effects and conditions of different regions of the blade) while managing the
total available cooling flow.

Impingement & Film Method

TBC
Surface

Impinging
[WITIPIA] zone-d
[WITIPIA] etc

Convective
[WITIPIA] zone-a
[WrTrPrA] zone-b
[WITIPIA] zone-c
[WITIPIA] et

[WITIPIA] zone-y
[WITIPIA] zone-h L
[W,T,P,A]etc ..........

Turbulators /
Roughness
—

Figure 4.2.1.1.4 : Architecture for impingement cooling with film exit

The current model for calculating the effects of impingement for this type of cooling method
(as depicted in Figure 4.2.1.1.4) is an algerbraic correlation. It makes use of the average
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Nusselt number as modified by the geometric constraints of the system to determine the
effective heat transfer coefficient due to impingement.

h.-di
Nu=Nu,, -y = k

therm

Due to the natural diffusivity of the impinging jet — as it exits the impingement orifice - the
algebraic correlation for an arrayed impingement system is limited with respect to the offset
distance from when the jet exits the impingement wall (orifice) to when it makes contact with
the hot wall (metal surface).

The air that is impinged upon the hot wall in this method can be utilized in several ways.
Initial cooling occurs at impingement, while the air can be treated over the hot wall via
impingement bumps or surface roughness to enhance the heat transfer from hot wall to
coolant. The air is then expelled through film holes to the outside environment where the
blade’s outside surface is cooled by the exiting film layer. Optionally, the air can be bled to
different zones of the blade to provide secondary internal cooling.

Impingement Without Film Method

TBC
Surface

Impinging
[WITIPIA] zone-d
[WITIPIA] etc

Convective
[WITIPIA] zone-a
[W!T!P!A] zone-b
[WITIPIA] zone-c
[WITIPIA] et

[WITIPIA] zone-y
[WITIPIA] zone-h
[W,T,P,Aletc [

Turbulators /
Roughness

Figure 4.2.1.1.5 : Architecture for impingement cooling without film exit

This method is similar to that of the previous method (Impingement with Film exit), with the
exception of a film exit. The total amount of flow going into such a zone must exit via
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connective bleeds to other zones. The algerbraic Nu correlation is again used to find the
heat transfer coefficient due to impingement as an average for the total (h) for the cavity
between the impingement wall and hot wall (metal surface). Since the mass flow through the
impingement wall is connected to the heat transfer quantity, the required amount of flow can
be determined for a given amount of heat pickup through the blade. This mass flow is used
to size the impingement holes for a given pressure ratio, operating condition.

-1 7+l

N R

Ay :Aimp =z di* = di = 4'Aim”
“ nhi 4 - nhi

By these means, the engineer can determine how to place the impingement holes for
optimal cooling — either by increasing the number of holes and decreasing the impingement
hole size or increasing the hole size while decreasing the number of holes. Previous
analytical results tell us that smaller impingement holes achieve a more favorable result for
cooling.

Film Without Impingement Method

TBC
Surface

Convective
[WITIPIA] zone-a
[WITIPIA] zone-b
[WVTVPVA] zone-c
[WITIPIA] et

[WI T,P rA] zone-y
[WI T ’ P IA] zone-h
..................... [W ,T,P ,A] ete SRRV~

Turbulators /
Roughness
—

Figure 4.2.1.1.6 : Architecture for film cooling without impingement
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The cavity heat transfer coefficient for this sort of cooling method is determined not by
means of the impingement correlation, rather by conventional duct heat transfer methods.
The incoming air (coolant) absorbs heat from the wall - which may have an enhanced heat
transfer surface area for better/fuller conductivity — while it exits through film holes in the
wall from which it may further absorb heat from the metal. The film of air expelled is then
used to cool the downstream blade surface — much like the previously described method of
impingement with film exit.

Much like the technique used for determining the impingement hole size in the previous
cooling method, given the heat transfer and pressure ratio between the environment and
blade cavity, the film hole size can be determined by coupling the continuity equation with
the heat transfer equation system for convective and duct flow (that being through the film
holes).

Convective Method

TBC
Surface

Convective
[W,T,P,A] z0ne-a
[WITIPIA] zone-b
[W,T,P,A] z0ne-c
[WITIPIA] et

[WI T 4 P IA] zone-y
[WI T ’ P IA] zone-h
..................... [W, T,P ,A] etc b eeeenenn /N a0

Turbulators /
Roughness

Figure 4.2.1.1.7 : Architecture for cooling without impingement or film exit (near-wall)

The simplest of the four cooling methods used in this program is the case of purely
convective heat transfer — that being without impingement or film exit. The incoming airflow
is treated over the hot wall (metal) to absorb heat (optionally, with the assistance of surface
enhancement features like turbulators or surface roughness). This method of cooling is
depictive of current near-wall cooling passages used in turbine blades. The air is then bleed
to other zones for secondary cooling purposes.
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It can be seen that the generic heat transfer and continuity equations hold true for this and
the other methods of cooling. The primary difference between these methods is the way the
air is utilized for such cooling; this lends itself to a systematic method for determining
appropriate cooling configurations on a larger scope with interconnected cooling systems —
as in the cooling system of an entire blade.

ImpCool Design Utility

This application utilizes equations/correlations/models as defined by the user/engineer to
generate a solution for the various methods of cooling. In its database, it contains a default
set of governing equations for the four methods of cooling along with a default set of
correlations for global/universal variables like air, metal, and heat capacity properties. These
equations, in effect — the way the solver works, are entirely controlled by the user. The
concept of this application is to allow the engineer to model the cooling methods so as to
represent the most current techniques used for solving such problems.

Features

+ Save/Open projects : After creating the various cooling configurations with the design
utility, the user/engineer may want to save the information/configuration in order to
come back at a later time to update or improve the model.

+ Auto log generation : This feature of the application works in the background to keep
track of what the user has done with the utility just in case something goes wrong
and information is lost; the user can look at the history of the lost project to recreate
the cooling model(s)/configuration(s).

+ Inline program/solver diagnostics : This feature notifies the user whenever there is a
program (or solver) related constrain/error and tries to counteract the issue
automatically (if possible). A solver related constraint might have something to do
with how the user sets up the cooling configurations or the governing equations
(which may interfere with one another or cause other program/solver related errors).

+ Equation editor for adding/removing/modifying governing equations : This feature
allows the user/engineer to modified the governing equations to better suit the type
of cooling system the engineer is trying to achieve. The ImpCool Design Ultility
comes with a default set of modeling equations hard-coded, ready for any
modifications.

+ Equation variable combination generator : This feature takes care of the mundane task
of multiple term/equation creation when modifying equations; it is used when the
user wants to generate equations for all terms within a particular equation, so that
each term has a chance to be solved.

+ Skin Thickness Distribution Designer (STDD) : This feature allows the engineer to
modify the blade’s metal thickness by entering either the exact desired thickness or
percent augmentation for the selected region(s).
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+ Report Generator : This feature generates an excel file containing all information about
the designed cooling system; it also generates PowerPoint slides of the blade
environment maps (BC profiles) and the interactive blade configurations created by
the user.

Solver Architecture

Global Solver : Solve

for any unknowns

using the supplied > >
equations.

Pre-processing : Get/update

relevant neighboring

parameters; generate equations > >
to accommodate

incoming/outgoing zones.

Post-processing : Set/update
relevant incoming/outgoing
zone parameters; then run
appropriate solver for any
modified incoming/outgoing
zone(s).

Impcool_App.m
Main application function that
generates the ImpCool Design
Utility GUI

select_filem

Browse button callback function (activated when
browse button is pressed), generates a file import
dialog. Import either a .mat file (previous project) or a

input_filter ®
Checks any modified input fields
(determines if something is deleted),

Impcool_CBs.m
Contains most of the application’s

and calls appropriate zone solver. callbacks/functions as sorted via a switch uif file (new blade geometry and environment
condition. properties).
Imp_Only_FILTERSOLVE - preps
information for blade and impingement only ‘\\
method; executes global solver N
Film_Only_FILTERSOLVE - likewise N
F|Im_and_|mpTFILTERSOLVE - likewise switch_zonetype - updates the GUI input
No_Imp_No_Film_FILTERSOLVE - likewise fields to display the newly selected zone

type's parameters.

new_zone - creates new zone with general
parameter database.
manage_connectivities - creates the
connectivity structure for the current (newly
created zone)

Update_connectivity_list - populates the
connectivity listbox for the currently selected
zone

conn_switch - updates the connectivity
percentages/areas when connectivity listbox
Global_Solver.m is switched to different connective zone;
Sifts through supplied equation set for checks flow validity within configuration.

the current zone in attempting to solve update_bleed_percentages - updates the
for any unknowns given the current set current zone's connectivity structure

of knowns. database to reflect any changes made to the
amount of flow going to downstream zone(s).
del_zone - delete a zone; removes the
selected zone's data out of the global
database.

switch_zone - updates the GUI to display the
selected zone from the main zone list.
save_project - saves the current project to
the desired .mat file.

load_info_from_mat - previous project
loaded, this updates the GUI to represent the
data of that previous project.

Pre_Postm

Pre : Runs preliminary check of
configuration - incoming/outgoing zones
to current zone in question; sets available
variables (from incoming/outgoing zones)
for current zone before going to the Global
Solver.

Pre_Post.m
Post : Runs update process for determining
which incoming/outgoing zones need to be

updated and executed (i.e. their solver); sets

any found parameters of incoming/outgoing
zones as determined by the equations from
the current zone.
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Subtask 4.2.1.2 Impingement Cooling Modeling and Optimization
Background

Impingement cooling is an important element in many turbine airfoil cooling designs.
Impingement cooling performance is governed by several parameters, among them jet
Reynolds number, impingement pressure ratio, the impingement hole pitch to diameter
ratio, and the impingement gap to hole diameter ratio. The goal is to minimize the
impingement cooling flow for a given heat transfer area and external heat load.

Objectives

The first objective of this study is to model impingement cooling in sufficient detail to allow
optimization of the impingement geometry to minimize the required cooling flow for a target
maximum metal temperature. The second objective is to develop a impingement heat
transfer model to predict the local impingement heat transfer coefficient distribution for an
arbitrary array of staggered or in-line impingement holes. The local heat transfer coefficient
distributions can then be applied to prediction of the local variation of metal temperatures.
This is especially important for sparse impingement arrays for which there is a significant
variation in local heat transfer coefficient.

Technical Approach

MATLAB models were developed for the impingement flow minimization process and for the
prediction of local impingement heat transfer coefficients. A generalized impingement
cooling correlation used for the flow minimization procedure. The local impingement heat
transfer coefficient distribution was simulated by an analytical equation that captures the
impingement jet stagnation point behavior and allows correlation to experimental data
through adjustable constants.

Results
Minimization of Impingement Cooling Flow for Target Twall and Given Heat Load

The impingement flow minimization model in illustrated by a simple example of a turbine
airfoil surface subject to a specified distributions of external gas temperature and heat
transfer coefficient. The external wall of the airfoil is broken into arbitrary zones of given
external heat transfer area, Hgas, and Tgas. Each zone is modeled as an individual
impingement region with a amount of cooling flow and hole pattern to be determined by the
impingement optimization procedure. This is illustrated in Figures 4.2.1.2.1 and 4.2.1.2.2.
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Figure 4.2.1.2.1 HPT airfoil with impingement cooling zones

Gas

hg, tg, etaf, tfilm

Impingement / he, ppost, tpost

Bumps

wc, tci

Impingement

Holes Coolant

Figure 4.2.1.2.2: Zonal impingement cooling model

NASA/CR—2008-215236 13



The external hot-gas heat transfer coefficient and temperature conditions are show in Figure
4.2.1.2.3.

External Distributions of Hgas and Tgas

3000 EHgas
B Tgas Pressure Side Suction Side

&
<

v

2500

2000 -

1500 -

Hgas, Tgas

1000 +—

500 -

0.0947 0.166 0.1728 0.1689 0.086 0.1279 0.2742 0.2154 0.2202 0.2564 0.3599 0.1749

External Heat Transfer Area [in2]

Figure 4.2.1.2.3: External Hgas and Tgas distributions.

A target wall temperature distribution is specified for the interface between the TBC and the
base metal. The impingement cooling model then iterates to minimize the required
impingement cooling flow for each zone. The resulting cooling flow distribution is shown in
Figure 4.2.1.2.4 and the wall temperatures are shown in Figure 4.2.1.2.5.
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Figure 4.2.1.2.4: Distribution of minimum impingement cooling flow.
Airfoil Wall Temperatures
2200
O Ttbe
B Tbond = Ttarget
2000 O Tcool
1800
™
s
H
-

1600
1400
1200
1000

00947 0166 01728 01689 0086 01279 02742 02154 02202 02564 03599  0.1749
Heat Transfer Area [in2]

Figure 4.2.1.2.4: TBC and metal temperature distributions.
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Local Impingement Heat Transfer Coefficient Model

A local multi-hole impingement heat transfer coefficient model was constructed from a
simplified algebraic expression for a single jet, as follows.

hc = Clx)-expl—c(8) *r*)

The resulting local impingement heat transfer coefficient distribution is illustrated fora 3 x 6
in-line impingement hole array in Figure 4.2.1.2.5.

Simulated cros_s__flow effect

180

20

100

200)
Himp

50

100
.- ]

Figure 4.2.1.2.5: Local Himp model - 3 x 6 array
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The effect of local impingement heat transfer coefficient variation for a relatively sparse
staggered array of impingement holes is shown in Figure 4.2.1.2.6. The resulting
temperature gradients in the plane of the wall can lead to undesirable thermal stresses.
Future work will extend the optimization process to minimization of maximum temperature
and thermal gradients for a specified cooling flow distribution.

Figure 4.2.1.2.6: Wall temperature distribution induced by sparse impingement array.

Conclusions

The impingement cooling optimization process discussed above can be incorporated into
the full 3D blade cooling optimization process discussed in Subsection 4.2.1.1.
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Subtask 4.2.1.3 Vortex Valve Performance Tests
Background

An aircraft engine experiences different conditions during its flight mission. During takeoff
and climb, the engine is generating the most power and its hot section parts, especially in
the high-pressure turbine, are experiencing the most severe thermal conditions. The
mainstream temperature and flow is at its maximum level and the cooling flow temperature
also is at its maximum level. Later, during the cruise part of the mission at high altitude, the
temperature and flow levels are lower, reducing the heat flux through the hot section
components. Historically, the cooling flow delivery to the high-pressure turbine rotor has
been sized for the severe takeoff and climb conditions. This flow level is usually much
higher than required to cool the turbine at the cruise condition. This reduces the engine’s
efficiency during the performance-critical cruise portion of the mission. Previous efforts to
introduce valves to control the cooling flow delivered to the HP turbine have not succeeded
because of the mechanical complexity of the proposed system -- the design community is
very reluctant to rely on mechanical-actuated components on a mission-critical part of the
design such as the HP turbine cooling flow.

A new control valve has been proposed that does not rely on mechanically actuated
components. Instead, the valve design is static, i.e., it does not have any moving parts.
The flow through the valve is controlled in two ways: 1) the relative difference in thermal
growth of valve components fabricated from different materials and 2) a vortex swirl
introduced inside the valve to lower the pressure leaving the valve.

Objectives

A test program was run to obtain flow data to support the design of the new vortex valve.
Pressure and flow measurements were needed to determine the flow function performance
characteristics for a proposed vortex valve design.

Technical Approach

A sketch of the test model used in the test is shown in Figure 4.3.1.3.1 and a photograph of
the model is shown in Figure 4.3.1.3.2. The test model did not directly model the thermal
growth attributes of the proposed design, but permitted testing of the thermal growth effect
through the insertion of washers between the adjustable piston and the fixed shaft at the
centerline of the valve. The flow through the valve is partially controlled by changes in flow
area caused by shifting of the adjustable piston. Additional control is provided by a swirl
vortex produced by a pair of swirl jets introduced at 180° opposing locations in the gap
between the piston and the outer wall of the valve.

Flow was introduced into the test model through the ports indicated on the left side of Figure

4.3.1.3.1 and exited out of the single port on the right side of the model. A portion of the
flow is bled out of the plenum and reintroduced through two swirl jets inside the model,
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simulating the proposed engine application. Additional tests were run with an independent
swirl jet supply. Pressure measurements were taken at a number of locations inside the
model.

Plenum Swirl Jet Feeds
Vortex Swirl Jet

Inlet )
Flow Exit

Adjustable Piston

Figure 4.3.1.3.1 Sketch of Cross-Section of Vortex Valve

Figure 4.3.1.3.2 Photograph of Vortex Valve Test Model
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Results

Additional GE Proprietary details about the test, including dimensional information about the
design of the vortex valve and tabulated flow and pressure results, may be obtained from
the author.

Conclusions

Flow data was obtained on a model of a vortex valve design that has been proposed for

regulating the turbine coolant flow. The results obtained with the vortex valve were
forwarded to the design group responsible for the coolant flow system design.
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Subtask 4.2.1.4 Cooling Flow Modulation

A passive, pressure-actuated cooling flow modulation device was studied, again using
MATLAB as the modeling tool. A typical hydro-formed bellows was modeled as a spring
acted on by pressure and deflection forces. The bellows is assumed to be attached to an
aerodynamically shaped, axially translating element (plug) inside a contoured orifice (see
example below).

|

. _ _ W‘LMWUWM +
Motion .
_

| L ! Compression — L Extension —

Meutral Axial Compression Axial Extension

Figure 4.2.1.4.1 Pressure-actuated bellows flow control device
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The MATLAB model interface screen below. The model can compute the orifice throat
area, and hence the flow, for any axial location of the plug. This device was shown to
effectively control flow while maintaining low total pressure losses.

) ASBS :|: Aero-spike & Bellows Shaper :|: TACD

Bellows y
Wall thickness =|  0.04 Lip width (1) = |I].5122I]5

# Crimps = | 2 Crimp width (2) = | 05
D_in (&) =| 0.1475  Crimp height {3} = I 0.0625

A_e = 0.049087 V=0057296 k= | 74

— Flow Prﬁperﬁﬂc
v=[ 14 R=| 5335 g=| 32114

Condition:1 B Bellows Initial State

Conditions—| |Condition : 2 . .
Condition : 3 =l Pin = Tin - Bl
Deflection Throat Area
B=
50.1673 -0.25926 1.23148
Total w25 = [ 20 384439  [-0.0738 0.797086
W _ind } W25 = | 0.051
W e /W ind = | 0.8 R

Bellows Geometry | Flow Properties

A Required Throat Area

-0.2 -0.15
5 . Deflection

AN

Figure 4.2.1.4.2 MATLAB flow modulation device design interface
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Task 4.2.2 Advanced Cooling Feature Technologies and Testing

Computational and experimental studies were performed to test enhanced cooling features
relevant to stage 1 gas turbine blades. Detailed CFD analysis was performed for a variety of
trailing edge slot configurations. The CFD was post processed and compared in terms of
non-dimensional performance parameters (described later). The non-dimensional
performance parameters provide a means of comparing each slot configuration’s
performance on a global basis.

Impingement heat transfer studies were also performed both computationally and
experimentally. Various surface features placed on a target plate, including chevrons and
vortex generators, were analyzed. The goal was to assess whether various features
provided benefit in terms of heat transfer or pressure drop performance. Configurations
without surface features were also analyzed. These experiments provided surface maps of
heat transfer coefficients for sparse impingement arrays. As with the trailing edge slot
studies, global performance metrics were also evaluated.

Subtask 4.2.2.1 Trailing Edge Cooling CFD Modeling

Background & Objectives

A high aspect ratio channel, typical of a trailing edge cavity in a stage 1 blade, was identified
for CFD analysis. Several concepts were suggested by GE-Aviation for evaluation. CFD
simulations were performed to predict the relative performance of the different designs with
respect to coolant heat pick up and pressure drop. The objective was to investigate
performance for novel geometric configurations likely to induce greater mixing and greater
streamwise vorticity.

Technical Approach

The high aspect ratio channel was constrained to a cavity with a 16-degree wedge angle (8
degree half angle). Realistic cavity aspect ratios, fillets, etc were used. Figure 4.2.2.1
shows the baseline cross-section.
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Figure 4.2.2.1 Cross-section of baseline configuration.

Coolant was supplied to the cavity through a channel emulating a crossover impingement
hole. A supply feed volume was used such that vena contracta effects through the
crossover hole were captured. The coolant was then exhausted through a channel that
emulates a trailing edge slot. Symmetry boundary conditions were imposed so that one
pitch was modeled.

CFD simulations were completed for several different configurations. Descriptions of the
configurations are given in below.

(a) This configuration is the baseline configuration where the inlet and exit of the coolant
into and from the cavity are coaxial.

(b) This configuration is a variation of (a) where the inlet has been shifted laterally off
center.

(c) This configuration is a variation of (a) where the inlet has been angled 45 degrees in
the lateral plane, with the opening of the inlet channel (crossover hole) in the cavity is
aligned coaxially with the exit channel.

(d) This configuration is a variation of (c) where the inlet channel has been shifted
vertically by half a pitch.

(e) This configuration is a variation of (a) where a post obstruction has been placed
laterally across the cavity and normal to the exit channel axis.

(f) This configuration is a variation of (c) where a row of 10 bumps or pins has been
placed on the side opposite of inlet jet impingement.

(g) This configuration is a variation of (c) where a second inlet channel has been
modeled and angled 45 degrees in the other direction from center than the first inlet
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channel, creating a symmetric cell of a vertical series of jets at alternating angles of
+-45 degrees.
Simulations were performed using an SST turbulence model. This turbulence model was
chosen mostly because it lends itself to wall integration and is less prone to the stagnation
point heat transfer anomaly.

Results

The results of these configurations were evaluated to compare relative performance. The
best solution is design specific and is not necessarily the one with the highest overall
average Nusselt number. The coolant has a finite cooling capacity. As it passes through
the cavity and slot, it must retain enough cooling capacity to maintain the surrounding metal
temperatures within allowable levels. The temperature through the slots must also be of an
appropriate magnitude to provide adequate film cooling effectiveness on trailing edge lands
after the slot breakout. For these models, the slot breakout is not modeled.

Although one configuration cannot be deemed superior to another, a summary table has
been created that shows each configuration’s respective performance. The table, included
in the GE proprietary version on this report, summarizes the following parameters:

e Total temperature rise across the computational domain (inlet to exit)
e Total pressure loss across the circuit (inlet to exit)
e Normalized heat transfer coefficients broken down on a wall by wall basis
-PS- pressure side cavity wall
-SS- suction side cavity wall
-FWD- forward cavity wall
-AFT- aft cavity wall
-PSSLOT- pressure side wall of slot
-SSSLOT- suction side wall of slot
-SLOTTOP- top of slot
-FILLET- fillet of slot
¢ Relative heat pickup across the cavity and the slot
e Heat Sink Utilization
e Heat Transfer Rate over pumping power

The heat sink utilization is a measure of how much heat is transferred from the wall to the
fluid divided by the maximum heat that could have been delivered assuming the coolant
temperature eventually reaches the hot wall temperature. The heat sink utilization is defined
as

jq"dA
~ mCp(Twall—Tinlet)
The heat transfer rate divided by the pumping power is defined as

o povg.fq“dA
MAP
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and is a measure of the amount of heat transfer relative to the amount of power required to
drive the fluid from inlet to exit.

Subtask 4.2.2.2 Impingement Cooling CFD Modeling and Tests

Computational studies were performed for various impingement array configurations.
Various surface features were placed on the impingement target plate and performance was
assessed in terms of the global performance metrics discussed in Subtask 4.2.2.1

Experimental measurements were carried out for the various impingement array

configurations as well as in combination with the turbulating features in order to assess the
performance and validate CFD modeling.

CFD Modeling

Background & Objectives

An impingement hole orifice plate was selected as a baseline for CFD analysis. Several
surface features were modeled on the target surface. Literature and experimental data is
plentiful for surface features placed in duct flow type configurations. However, literature is
sparse for surface features used in impingement flow regimes. As such, the goal was to
investigate whether the inclusion of geometric features enhanced or degraded system
performance.

Technical Approach

The impingement simulations consisted of an orifice plate with a rectangular array of holes.
The rectangular array represented a relatively sparse impingement configuration where the
hole to hole spacing was kept fixed at 10 jet diameters. The jet to target distance was kept
fixed at 4.5 jet diameters. Three walls bounded the rectangular channel (the region
between the jet issuing orifice plate and target plate). This allowed the flow to exhaust in
only one direction and also allowed cross flow to be built up.

An upstream plenum was modeled which provided the flow to the orifice plate. The plenum
was included such that vena contracta effects were captured. All walls were treated
adiabatically with the exception of the impingement target surface. This surface was
modeled as isothermal. The impingement jet to target wall temperature ratio was kept fixed
at 0.75. An inlet mass flow condition was set in order to provide an average jet Reynolds
number of 5000. On average, this corresponded to an overall pressure ratio (plenum total
pressure to exhaust static pressure) of 1.05. Turbulence intensity was set to five percent
and an eddy to molecular viscosity ratio of 10 was prescribed. As with the trailing edge slots
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discussed in subtask 4.2.2.1, a wall integration approach using the SST turbulence model
was used.

CFD simulations were completed for several different configurations. Descriptions of the
configurations are given below.

(a) Smooth wall baseline- Represents the baseline impingement configuration without
any surface geometry features placed on the target surface

(b) 90 Degree Ribs- This configuration is a variation of (a) where turbulators at an angle
of attack of 90 degrees have been modeled on the target surface. The turbulators are
placed between the impinging jets.

(c) Chevrons- This configuration is a variation of (a) where chevrons have been modeled
on the target surface. The chevrons are placed between the impinging jets

(d) Ramps- This configuration is a variation of (a) where inclined ramps have been
modeled on the target surface. The ramps are placed directly underneath the
impinging jets

(e) Square Pedestals- This configuration is a variation of (a) where square pedestals
have been modeled on the target surface. The pedestals are placed directly
underneath the jets.

(f) Vortex generators- This configuration is a variation of (a) where vortex generators
have been modeled on the target surface. The vortex generators are placed
between the impinging jets.

Results

The relative performance of all configurations was assessed. As with the trailing edge slots
discussed in subtask 4.2.2.1, the CFD results were post processed and global performance
parameters were analyzed. A summary of this performance as well as local distributions of
wall heat flux on the target surfaces are shown for the different impingement configurations
in the companion version of this report that includes GE proprietary data..

Conclusions

It was anticipated that the different surface features would provide much larger differences
in terms of overall performance metrics (as was seen in the trailing edge slot cfd studies). It
is unfortunate that the cfd predictions yield rather consistent results for various surface
features making it difficult to quantify whether any features behave profoundly different.

Impingement Cooling Tests

Background and Objectives

As mentioned earlier, there is plentiful of data found in the public domain on jet
impingement. However, the data available in the public domain is usually for cases where
Reynolds number, pressure ratio and spacing-over-diameter are confounded and result in
incomplete data sets for correlations. Similarly, the public domain lacks studies with
impingement in combination with flow modifying features, such as turbulators, are
investigated for performance enhancement.
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The objectives of this experimental effort are provide good data sets of heat transfer
measurements for impingement cooling where the three parameters, Reynolds number,
pressure ratio and spacing-over diameter, are unconfounded and therein provide a more
comprehensive set of data for correlation and CFD validation purposes. Also, three flow-
modifying features were investigated for potential heat transfer performance enhancement
with minimal pressure loss generation.

Experimental Hardware Description

The experimental study involved a setup composed mainly of an upstream plenum, varying
plates of arrays of impingement holes, a collecting channel and a downstream back-
pressured plenum, Figure 4.2.2.5. The jets exiting the hole-array plates into the collecting
channel impinged onto a target surface instrumented with a thin-foil heater and a sheet of
wide-band liquid crystals, used for generating a constant heat flux condition and measuring
temperatures respectively.

CCD Downstream
Camera Acrylic Plenum

Inlet Exhaust
nie Gate
supply Valve
Valve
Upstream
Pressure Safety
Plenum Pressure
Burst Disk
Heater Power_§ Channel
Supply Cables Pressure
Valves

Figure 4.2.2.5 —Imping ment cooling rig with various components.

Pressure taps were machined onto the hole-array plates in-between holes for measuring
static pressures. A control panel of pressure valve switches, connecting stabilizing
manifolds to the pressure taps, allowed for individual measurement of pressures at the
discrete locations in the channel. Figure 4.2.2.6 illustrates a zoomed-out view of
experimental hardware.
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Figure 4.2.2.6 — Zoomed-out view of Impingement cooling rig.
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Figure 4.2.2.7 — Flow-modifying features investigated. From top to bottom, delta wings,
chevrons and ramps.

The three flow-modifying features are illustrated in Figure 4.2.2.7. The delta wing and
chevron features were positioned approximately 2 to 3 hole-diameters downstream of the
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peak impingement location to act more as flow turbulators. The ramps were positioned in a
manner such that the impinging jet centered near the top of the ramp, approximately 1 hole-
diameter downstream from the front edge of the feature, and centered in the width portion of
the feature. Different t to the delta wing and chevron features, the ramps acted more to
distribute the impinging jet and presumable redirect some of the jet momentum downstream
of the impingement location.

Technical Approach

As mentioned previously, liquid crystals were used to measure complete surface maps of
temperatures on the target surface. Figure 4.2.2.8 illustrates a typical steady-state liquid
crystal color map for one of the impingement cases tested. The liquid crystal data, in
combination temperature measurements taken with discrete thermocouples and
measurements of voltage and current passed through the foil heater to generate a constant
heat flux condition, we used to compute heat transfer coefficient distributions for the variety
cases considered.

Typical color
change in Liquid
Crystal sheet

10” settling
channel length
downstream of
impingement zone

Figure 4.2.2.8 — Liquid crystal measureent of impingemetjet array.

The convective heat flux was defined by,

Aconv. = 9heater — 9cond loss

where the power produced by heater was computed by,

VxI
9 heater =
Aheater

and the conduction losses though the acrylic window were accounted for and computed by,
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_ Kacrylic X (T;mp.surface -1 acrylicBS )

Acond loss =

Aheater

Finally, the convective heat transfer coefficient was computed by,

h= 9cony.
(Timp.surface -7 jet)

where Timp.surface IS the surface temperature measured by the liquid crystal, T is
temperature of the jet measured at the upstream plenum, V is the voltage input to the
heater, / is the current input the heater, Kacyiic is the thermal conductivity for Acrylic window
and Apeater is the area of the heater.

Uncertainty analyses were carried out for each distribution map of heat transfer coefficients
generated.

Region of Comparison Impingement holes

Static Taps
measuring
Pressure Drop

Channel Width Direction

>
Flow Direction in Channel

Figure 4.2.2.9 — Arrangement of static pressure taps for measuring pressure drop inside
channel across region of comparison.

The arrangement and location of static pressure taps are illustrated in Figure 4.2.2.9. As
depicted by the smaller circles filled with the green and red, two rows of pressure taps were
machined to the side of the center region of comparison. The rows were purposefully
placed there to avoid causing interference to the region of comparison, but also to avoid
picking up an effects from the sidewalls. The circles in red were used to compute the
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characteristic pressure drop for the individual tests. An inclined water manometer with
0.01inH20 resolution was used to measure the pressures by taking one of the taps as a
reference. The pressure valve system used selecting individual pressure channels is shown
in Figure 4.2.2.5.

Results

The liquid crystal data in combination with measurements made with thermocouples and
measurements of voltage and current from the foil heater used were used to generate heat
transfer coefficient maps for both smooth channel cases and turbulated channel cases.
Figure 4.2.2.10 illustrates a complete map of heat transfer coefficients for typical case of
impingement cooling test. In order to match both Reynolds number and pressure ratios for
the different spacing-over-diameter (SOD) cases, variations in the holes sizes and the
number of holes were made. For all cases considered, the region of comparison, as pointed
out in Figure 4.2.2.10, was chosen to lie in the middle of the channel width-wise, and after
the first row of impingement jets. This provided similar conditions between the varying
geometries and avoided issues of sidewall effects. As delineated by the dashed-line
enclosing rectangle, the region of comparison connects the center of four jet-impingement
regions (clearly shown by the heat transfer distribution maps) and encloses the heat transfer
coefficient distribution of one complete jet including its surrounding data. Distributions for
only the region of comparison are presented and discussed. Similarly, averages and peaks
are extracted from the data within the region of comparison.

Commonly seen in all results and as can be expected, as seen in Figure 4.2.2.10, the jets
generate lower heat transfer coefficients further downstream in the channel as the channel
flow accumulates. Similarly, the heat transfer signatures become less concentric and more
skewed and tear-like further downstream.
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Figure 4.2.2.10 — Typical complete heat transfer coefficient map generated from liquid
crystal experiment.
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Figure 4.2.2.11 — Heat transfer distributions with associated uncertainty maps for varying
flow conditions tested for SOD Low and SOD Medium. Note: color scale is common
between h maps and Uncertainty in h maps, respectively.
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Figure 4.2.2.11 presents the heat transfer coefficients for the low and medium SOD cases
for the three Reynolds numbers at an approximately similar pressure ratio. Alongside,
detailed maps of uncertainty in the heat transfer coefficient maps are also presented. The
trend shows the higher heat transfer coefficients for the higher Reynolds number at for the
same pressure ratio. As expected, heat transfer coefficient distributions are better for the
higher Reynolds number, where the jet seems to disperse further out from the target center,
in terms of both average and peak values. The two case for the middle Reynolds number
cases require further looking in to as they do not follow the general increasing trend as
expected. The questionable values are within the uncertainty of the experiment, but need
further investigating. Potential causes are the different rigs used for these two cases in
comparison to the other tests. Also, different heaters were used as well as different Acrylic
thicknesses.
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Figure 4.2.2.12 — Heat transfer distributions with associated uncertainty maps for varying
flow conditions tested for SOD High. Note: color scale is common between h maps and
Uncertainty in h maps, respectively.
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The three Reynolds number cases for the High SOD case are presented in Figure 4.2.2.12.
These results reveal the expected increasing trend with increasing Reynolds number. The
higher Reynolds number case, in agreement with the results for Low and Medium SOD
cases, reveal the best distribution in heat transfer coefficient overall.
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Figure 4.2.2.13 — Heat transfer distributions for three flow-modifying geometries for Medium
SOD case, compared with Smooth Channel case. Note: color scale is common for all maps
plotted on the left side and all right side, respectively, in order to discern potential benefits in
high and low heat transfer regions.

The heat transfer coefficient distributions for the three flow-modifying features are presented
in Figure 4.2.2.13 and are plotted along with the smooth channel case at similar Reynolds
number and pressure ratio conditions. The data maps are repeated on the right side with
the color scale focused in on the data at the lower heat transfer coefficient values in order to
discern any difference in the regions of low heat transfer coefficient between the jets. The
two turbulating features tested, the delta wings and the chevrons, did not show any
significant improvement in heat transfer in comparison to the smooth channel case with no
features. The ramp features, which were placed under the jet, revealed good heat transfer
enhancement in the downstream region of the ramp. This agrees with the CFD, reinforcing
the benefits for ramps in order to redirect the high momentum impingement flow down onto
the downstream surface.
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Figure 4.2.2.13 — Pressure drop measurements for different test conditions and SODs
tested.

Pressure measurements made with a Monometer are presented in Figure 4.2.2.13. The
pressure drop measured across the region of comparison, described in the Technical
Approach section, was quite small, lower than 200Pa. The plots reveal an increasing trend
in pressure drop with increasing Reynolds number as well as with decreasing SOD. The
ramps showed considerably lower pressure drop than the baseline and the two other flow-
modifying feature cases. The baseline, the delta wing and the chevron cases all showed
very similar pressure drop for the similar test conditions.

Conclusions

The experimental effort generated a good set of impingement flow data for unconfounded
matching parameters of interest. These data sets can be used for improving correlations
and validating CFD. Three geometries were investigated in combination with impinging flow
for potential heat transfer benefits by modifying the flow mechanism in the channel. The
results from the ramp features showed potential for better distribution of the cooling air with
lower pressure drop, while the delta wing and the chevrons did not show any significant
improvement. However, it should be noted that the added surface area by the flow-
modifying features for similar pressure drops and similar heat transfer coefficient signatures
could potentially lead to gains over the no feature baseline case.
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The equipment designed and built for these experiments along with the measurement
techniques used show great potential for further investigation of varying features that could
result in performance enhancement. The authors already have some features in mind that
are worth investigating.
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Task 4.2.3 CFD Modeling and Optimization
Subtask 4.2.3.2 Advanced Turbine Blade Cooling
Background

To support the development of the next generation of turbine blade cooling technologies,
optimization techniques are needed that allow the timely and efficient screening of blade
cooling designs. This requires a coupled design system that rapidly estimates cooling flows,
metal temperatures, and blade stresses for candidate designs, and provides multiple levels
of optimization.

Objectives

The objectives of this task are to explore the use of optimization techniques applied to
turbine blade cooling designs at the 1D, 2D and 3D levels, and develop an integrated
design system/optimization tool that can be utilized for the efficient design of cooled turbine
blades. The toolset must allow the user to balance the speed of the 1D methodology with
the accuracy of the 2D and 3D methods, taking full advantage of the strengths of each level
of analysis. Finally, the separate components of the toolset must be integrated to work
together, providing efficient through-flow of information between the components.

Technical Approach

Several new tools have been developed throughout this program, collectively known as the
Turbine Blade Design System (TBDS). The development of the TBDS system included the
construction of the 1D, 2D and 3D Excel based toolsets, and also includes extensive use of
the ANSYS commercial software package. The three-level suite of tools has been
established to provide rapid screening of potential cooling configurations (1D analyses)
while improving the accuracy to which the design constraints are evaluated (2D and 3D
analyses).

The 1D design tool models the airfoil as a series of panels with a prescribed wall thickness,
and the cooling air as a 1D flow circuit. For a given geometry, the flow solution and 1D
thermal solution at each panel is solved simultaneously. Use of the 1D method allows
quicker screening of the general cooling configuration at the beginning of the design
process. Since the entire system is contained within Excel, DOE and optimization
techniques can be employed to evaluate a large number of configurations and identify the
basic design space that will satisfy the cooling needs of the blade.

Once design candidates are selected from the design space, the flow geometric inputs,
external boundary condition tables, and flow solutions can be handed off to the 2D TBDS
design system. The improved accuracy of the 2D thermal results allows the user to refine
the design space and is used for additional optimization based on thermal and stress
constraints.
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After the 2D optimization is complete, the internal flow geometry, flow solution, and external
boundary condition tables are passed to the 3D TBDS design system to evaluate the 3D
stresses and thermal results, and provide the final level of optimization.

The end result is a three-level system (1D, 2D, and 3D) that functions together to produce a
screening/design/optimization environment for cooled turbine blades. With these tools, the
user can evaluate many internal cooling configurations to find a design that best meets the
thermal, stress, and flow requirements of a given system. The following sections describe
the technical approach utilized for each level of analysis and optimization.

1D TBDS Overview

The 1D thermal analysis system is an Excel-based modeling environment designed as a
rapid screening tool for basic cooling configurations of a turbine blade. The system splits
the exterior of the blade into a number of panels and calculates the temperature on the
inside and outside of the panel using a 1D thermal resistance network. The tool also
contains a simplified network flow solver, to provide internal boundary conditions for the
thermal solver. The resulting film temperatures are combined with the uncooled gas path
data to develop the external boundary conditions. The flow network solution is iterated with
the 1D thermal solution at each panel until a consistent thermal/flow solution is reached for
all of the panels. The 1D TBDS analysis system has the ability to:

e Solve 1D network solution based on user supplied chamber/element data

e Calculate external thermal BC’s (HTC and film temperature) based upon the
uncooled gas path data, 1D cooling flow solution, and user input film effectiveness
curves.

e Calculate the internal thermal BC’s using the 1D flow solution and user supplied
correlations.

e Calculate panel surface temperatures

e Calculate cooling air heat pickup

e Reduce standard deviation of metal temperature by varying any of the geometric
variables (e.g. hole sizes, numbers, spacing, location, etc.).

Uses of the tool include determining film requirements, flow splits, and backside cooling
levels that are needed to reach target metal temperatures at each panel. 2D heat
conduction to the blade interior, and thermal stress is not considered at the 1D TBDS level.

1D Thermal Analysis Methodology

The thermal analysis method used to calculate metal temperatures is based upon a thermal
resistance calculation. The panel is modeled with a gas path temperature, backside cooling
air temperature, and TBC and metal thickness, as shown in Figure 4.2.3.2.2. Internal HTCs
are determined from the current 1D flow solution, the geometric inputs for each panel, and
convection correlations. Using the calculated HTC, the size of the panel, and the incoming
flow, the heat flux is computed and added to the flow. Any resulting film from a panel is
combined with the external uncooled airfoil solution to estimate the film temperature and
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HTC on the external surface; film accumulation effects are included. The total heat flux
through the system is then calculated using the resistance network in Figure 4.2.3.2.2. This
process results in a coupled solution of the 1D temperature distribution for each panel, and
cooling circuit flow rates, pressures, and temperatures throughout the cooling circuit.

T gaspath
T metal,
Ttbe P4 inside
T metal, /
outside T cool
TBC Metal
TBC Metal
gaspath T, metal ];ool
"\ —e—A\\—o—A\\—e—A\—8
1 Thickness Thickness 1
hgaspath * A k * A k * A hcool * A

Figure 4.2.3.2.2 Schematic of 1D thermal solver

1D Flow Network Methodology

A 1D flow network solver has been developed for use in the TBDS system. The flow
network is used to calculate flow rates and pressures for the internal cooling network at
three span wise locations: 15%, 50%, and 85% span. However, the 1D TBDS only utilizes
the results at the 50% span. Pressure drops due to constrictions are calculated, as are
vortex pumping effects. Development of the 1D solver allows the solution to be completed
in Excel, providing efficient integration with the 1D thermal analysis. Currently, the solver
can handle simple orifice elements, fixed flow elements, vortex pumping, momentum
chambers, but does incorporate tube elements.
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2D TBDS Overview

The 2D design system utilizes the basic geometric inputs and flow solution from the 1D tool,
along with the external uncooled boundary conditions and film effectiveness curves. The
2D tool combines the data from the 1D tool with a solid model of the actual geometry and
ANSYS scripts for automated mesh generation and model control. The solid model
represents the 50%-pitchline geometry extruded in both directions to get 20% of the total
height. The TBDS spreadsheet obtains additional geometry information of the blade design
from the solid model and the engineer. At this point, the TBDS writes all input files for the
ANSYS model at the pitch line. An ANSYS script written with the input files, and several
ANSYS subroutines complete the thermal model for the given design.

The script executes the solution by first determining the HTC's on all internal cavity
surfaces. The HTC’s are determined from a combination of the flow solution and several
subroutines that mimic standard correlations.

To couple the internal and external cooling components, the mapped external boundary
conditions are modified to account for film cooling in a manner identical to the 1D tool. The
film hole exit temperature is then used as the supply air for the external film cooling.

The final temperature exiting the film row is used to film the outside blade surface. The new
film temperature form the final external boundary conditions for the thermal analysis.

Within the TBDS package, a DOE matrix can be set up to evaluate any number of
parametric geometric variations. The DOE matrix of runs is included in the control scripts
output by the TBDS spreadsheet, and the variables are automatically sequenced to produce
solution sets for each case. The results can then be analyzed through a neural network
system to evaluate the design space.
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3D TBDS Overview

The 3D design system utilizes the same process as the 2D model, except now the blade
model starts at 0% span and goes to 90% span. The model is constructed by lofting the
blade between the 0% and 50% cross-sections and then between the 50% and 85% span
cross sections. The 3D model also differs from the 2D model because the blade is then split
into 3 segments. Essentially, three independent segment calculations are performed with
the coupled internal and external boundary conditions for each of the three segments, in a
process identical to the 2D TBDS model. The 3D model approach will be discussed in
further detail next.

The 3D TBDS system starts by constructing a solid model of the full airfoil height of the
blade. The 3D airfoil solid model is constructed by lofting three sections at the hub, pitch
and tip. The solid model is then exported for finite element meshing

Similar to the 2D TBDS model, the flow solution from the 1D TBDS system can be utilized
for the 3D model, or an new flow solution can be developed based on the 3D thermal
solution.

An automated mesh generation procedure has been scripted to import the geometry and
construct a tetrahedral mesh for the finite element analysis. The blade metal and thermal
barrier coating (TBC) volumes are both meshed with tetrahedral elements.

The external boundary condition requirements for the thermal analysis are identical to the
1D and 2D TBDS requirements. These data can be calculated using the same procedure
as the 1D and 2D models, or from a mapping of a detailed 3D CFD analysis of the blade.

For the internal heat transfer conditions, the flow network solution and turbulent boundary
layer correlations were used to set the heat transfer coefficients on faces cooled
convectively. Correlations were also used to determine the local enhancement due to wall
roughness or turbulators. Impingement correlations were used to determine HTC’s on
impinged faces, again using the flow network solution for flow rate and pressure ratio.

Air temperatures for the internal thermal boundary conditions are solved concurrently with
the metal, to account for heat pickup in upstream elements of the flow circuit.

The 3D TBDS tool includes the effect of the film row bore cooling using the 2D TBDS
methodology extended to the full span, by defining a strip of elements along the path of the
film holes from hub to shroud, through the wall thickness.

The ANSYS model incorporates an internal advection network that estimates the coolant
heat pickup based on the current metal temperatures, and the script ties the different legs of
the circuit together

The same mesh is used for the mechanical analysis as was used for the thermal analysis.
The blade platform connection is modeled using constraints; the entire inner surface is
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constrained to a constant radius. One point on the trailing edge is further constrained in
both z and theta to prevent translations, and a point near the suction side maximum
curvature location is constrained tangentially to prevent rotations. The previous thermal
results are applied as temperature loads, and the blade rotation is included to superimpose
the inertial load on the thermal load.

Optimization Technique

The optimization techniques used in the current study were twofold. The first level of
optimization was completed at the 1D level, and focused primarily on setting the
impingement hole sizes and film row locations. The first step was to run the 1D model for a
number of film row flow areas at varying distances from the leading edge. The results were
processed through a neural network to minimize the metal temperature variation at each
panel and the peak metal temperature at any panel.

The resulting flow solution and circuit geometry were saved for each case, and handed off
to the 2D TBDS system.

Each of these runs was then analyzed with the 2D TBDS model, to generate accurate metal
temperature results. These results were used to train a neural network to optimize the
overall mass flow rate based on peak metal temperature.

Although the 2D stresses were calculated as part of the 2D TBDS analysis, they were not
directly used for the optimization. This was because the 2D thermal stresses were found to
be an insufficient indicator towards the overall blade stresses. The calculated stresses
could be used as part of the optimization to minimize the calculated stresses, but the value
would be very limited. The final optimized solution was passed through the 3D TBDS
system to evaluate the 3D temperature and stress results. However, no further optimization
was completed at the 3D level.
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Results
Baseline Turbine Blade

A typical serpentine geometry was run through the 2D TBDS system previously described to
provide a baseline.

The first step in the setup of the analysis was to incorporate the internal flow solution of the
serpentine model into the TBDS spreadsheet. The spreadsheet was used to setup the
inputs for the ANSYS thermal/stress analysis. The TIP/film hole, cavity geometry, source
pressure and temperature data are incorporated into the spreadsheet.

Optimized Turbine Blade Design

For the optimization process, no surface enhancement was utilized. The results found in
the current study could be improved upon with the use of surface enhancement. Also not
considered were design constraints based on manufacturing limitations. For actual design
optimizations additional constraints would have to be applied.

2D Optimization Results

In order to determine a feasible flow solution, both the 1D and 2D optimization techniques
were utilized. The 1D TBDS system was exercised first, to optimize the film row location
that provided the best coverage for the airfoil. The film row locations were then frozen, and
the 1D system used to solve 130 data sets.

The flow solutions and geometry for each case were loaded into the TBDS spreadsheet and
2D thermal models were completed for each case. Using the 2D thermal results for each
case, a neural network was trained based on the 11 input variables (individual film row flow
rates). The trained neural network was then used to predict output parameters for ~65,000
cases. The selected output parameters for the training were the max surface temperature
and the standard deviation of the surface temperatures. The goal was to determine which
combination of flow splits used the lowest amount of flow to yield a flat and smooth surface
temperature at or below a maximum surface temperature.

The neural network predicted results were then filtered based on the lowest total flow rate
with the lowest max temperature and standard deviation. Six cases were selected as the
best solutions. These six cases were then verified by analyzing them with the 2D TBDS
system. The neural network predicted values of the standard deviation were within ten
percent of the actual standard deviation for all but one case. The max surface temperatures
were predicted to within five percent of the actual values. One of two approaches could be
taken at this point: the first approach would involve narrowing the input parameter values
based on these results in an effort to zero in on the optimum flow configuration, or one of
the six cases could be selected to be the representative optimized solution. Using the latter
approach, case number 134 was selected as the best case, based on having the highest
flow reduction with the maximum surface temperature closest to the target cutoff.
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Total flow was reduced by 10%. As expected, the reduction in flow and subsequently the
increase in surface temperatures resulted in increased stress levels, especially in first
principle stress. An optimization involving the cavity geometry and the stress levels would
need to be completed in order to reduce the stress levels to acceptable ranges. However,
the current study will show that the 2D stresses are not sufficient to properly evaluate the
design of the turbine blade. 3D analysis is required to optimize the design for stresses.

3D Model Results

The 2D optimized case was now taken into the 3D modeling system. A full thermal solution
and stress analysis was completed. Comparing the temperature contours of the 3D model
to the 2D model, the results compare very well, however the 3D results are generally higher.
Since the optimization effort has not involved the trailing edge, the specific reasons for the
differences at the trailing edge will not be examined here.

As expected, the 3D stresses are very different from those found in the 2D solutions. The
radial stresses are the dominant stress field for the turbine blade, as a result of both the
inertial forces and the thermal stress induced by the temperature difference between the
interior and exterior of the blade. This is why the stresses cannot be sufficiently optimized
at the 2D level. The 3D modeling techniques used in the current stress analysis has been
simplified compared to a detailed stress model, in an attempt to automate model
construction and reduce overall process time. Including more geometric details should
improve the stress results, but the impact on the calculated values is unknown.

NASA/CR—2008-215236 47



Conclusions

A 3 level tool for the design and optimization of turbine blades has been developed. The 1D
TBDS system utilizes EXCEL macros to provide optimization of the basic cooling
configuration chosen, and can automatically redistribute the flow to reduce the temperature
gradient around the airfoil. The 2D TBDS system is then employed through EXCEL macros
to efficiently analyze a large number of cases through ANSYS. 2D analysis has proven
sufficient to optimize the flow distribution to minimize the metal temperature and overall flow
rate. As part of the system, numerous ANSYS macros were also developed to facilitate the
construction of the models, and to interface with the EXCEL outputs. Finally the 3D TBDS
system allows the user to take a design from the 2D TBDS spreadsheet, and rapidly
complete a 3D ANSYS thermal and stress analysis on a simplified 3D blade. The 3D
analyses are required to properly analyze the stress field of the turbine blade. For a given
flow distribution the 3D system can be used to evaluate the stress fields for multiple
geometries. These results can then be used to train a neural network and generate an
optimized solution for reduced stresses.
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Subtask 4.2.3.3 Cooling Feature Optimization
Background

Impingement cooling is extensively used in gas turbine cooling applications especially to
cool the high pressure turbine blade leading edges, where high heat load is experienced
from flow stagnation. In an effort to supplement the TBDS development package developed
under the current program, a computational fluid dynamic (CFD) study is undertaken to look
at ways of enhancing the impingement heat transfer for sparse array cooling applications.

Technical Approach

A baseline CFD model was created with a jet-to-wall spacing of 4D (D=circular hole
diameter=0.030") and square array with hole spacing of 15D. Due to the flow symmetry
between adjacent holes in the array, it is sufficient in CFD to model the region around a
single hole (Fig. 4.2.3.3.1b). To prevent the exit boundary from influencing (flow into and
out of the domain) the impingement region of interest, an extension is added

b
(a) Avg HTC ( ) . .
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‘ ’
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Figure 4.2.3.3.1: (a) — CFD domain setup (b) — CFD domain (in grey) position in

CFD meshes were built to be hybrid with prisms to resolve the boundary layer and
tetrahedral mesh in the far field. The first cell spacing from the impingement wall is set to
achieve y+<5. CFX10 was used as the flow solver. The CFD models were solved in the
stationary frame with the K-Omega turbulence model.
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Results

CFD was used to evaluate techniques of increasing the heat transfer effectiveness in
sparse array cooling applications. Several parameters were examined.

Conclusion
A CFD study was undertaken to increase the impingement heat transfer effectiveness in
sparse array cooling applications. The baseline CFD model was validated against Kercher’s

array impingement correlation. Further studies are needed to understand and design an
advanced impingement array.
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